The potential capability to decompose macromolecular compounds was confirmed in heterotrophic bacteria isolated from two sandy beaches located on the southern Baltic coast. Proteolytic bacteria were the most numerous group, whereas lipolytic organisms were rare among bacteria inhabiting the studied beaches. All studied physiological groups of bacteria were considerably more numerous in the sand of the beach subject to stronger anthropopressure. The differences in bacteriological parameters across the horizontal profile of the beaches were noted. In both studied beaches a higher number of bacteria able to decompose macromolecular compounds were recorded in the surface as compared to the subsurface sand layer.
INTRODUCTION
Beaches are present along all coasts, at all latitudes and in all climates worldwide. They are characterised by a wide spectrum of sizes, morphologies, and ranges of exposure to oceanographic conditions and they constitute a buffer zone between the land and the sea (Novitsky and MacSween 1989, Rodil and Lastra 2004) . Mainly water, wind, sea waves and human impact (Rodriguez et al. 2003) determine the structure of these extremely dynamic environments. Marine beaches can be regarded as gigantic filters through which large amounts of water are being filtered (Brown and McLachlan 1990 , Heymans and McLachlan 1996 , Olańczuk -Neyman and Jankowska 1998 . While the seawater is being filtered, great amounts of organic matter are adsorbed on the sand grain surfaces in the form of dissolved organic matter (DOM) and particulate organic matter (POM). Both these forms of organic matter include proteins, starch, lipids, pectin, cellulose, chitin, lignin, nucleic acids and phospholipids Azam 1993, Arnosti et al. 1998) . The main sources of DOM and POM in marine beach sand are phytobenthos assimilates, phytodetritus, products washed and leached out from the seaweed, animal faeces produced by meio-and macrofauna and the remains of plants and animals (Koop and Griffiths 1982 , Brown and McLachlan 1990 , Jędrzejczak 1999 ). According to UrbanMalinga and Opaliński (1999) , as much as 1.1 kg of organic C m -2 could be introduced daily into the interstitial system of a marine beach. Such accumulation of organic matter generates optimal conditions for the growth of numerous heterotrophic microorganisms, mainly bacteria, which play a key role in the processes of decomposition and transformation of organic matter accumulated in sandy beach ecosystems (Mudryk et al. 2001 , Malm et al. 2004 , Misic and Harriague 2007 . According to , about 70% of organic matter reaching the ecosystems of marine beaches is mineralised by bacteria transforming it into their own biomass or utilizing it for respiratory purposes as a source of energy. Heterotrophic bacteria are able to decompose a very wide spectrum of organic compounds with molecules differing in size from monomers to biopolymers (Jacobsen and Azam 1984) . Many heterotrophic bacteria are known to carry genetic and metabolic potentials to synthesise and control extracellular enzymes, which can degrade and modify a large variety of natural polymers in water ecosystems (Mudryk and Podgórska 2006) .
The abundance and distribution of heterotrophic bacteria on marine sandy beaches have been documented in many parts of the world (Brown and McLachlan 1990 , Kolm and Correa 1994 , Olańczuk -Neyman and Jankowska 1998 , Podgórska et al. 2008 . However studies regarding the role of heterotrophic bacteria in the degradation processes of organic matter accumulated in marine beaches are very rare (Podgórska and Mudryk 2003) and our understanding of these problems is still incomplete and fragmentary. Consequently, the aim of the present study was to determine the capability of bacteria inhabiting two sandy beaches (in the southern Baltic Sea), which differed in the level of human pressure, to decompose selected macromolecular compounds.
MATERIALS AND METHODS

Study area and sampling
The study was carried out on two exposed sandy beaches (Ustka -54°35`N, 16°51`E, Czołpino -54°43`N, 17°14`E) on the southern Baltic Sea (Fig.  1) . Both beaches, which are influenced by the conditions in the open sea, represent a dissipative beach type with longshore bars and troughs. Both beaches have a slope of 7° and they are both ca. 60 -70 m wide. In general, fine and medium-grained sand predominates on the beaches. The sand grain-size is between 350 and 700 μm (Kramarska et al. 2003) . The beaches differ in the level of human pressure. Ustka Beach, with its surf zone, is one of the most picturesque beaches in Poland and is very popular for swimming. Many Polish and foreign tourists and local inhabitants visit this beach and it is usually very crowded during the summer months. The mouth of the polluted Słupia River is in the eastern part of the beach. This river carries 15.5 m 3 s -1 of water into the sea, as well as 200 000 -300 000 m 3 year -1 of natural and anthropogenic sediments (Zawadzka 1996 (Jocz 2010 , Piechocka 2010 .
Sand samples from the beaches were collected four times along a transect perpendicular to the shoreline between autumn 2007 and summer 2008 with three month cycles. Four sampling sites were located along this transect (Fig. 1) . Site 1 was located approximately 1 -1.5 m offshore, at a depth of about 1 meter underwater. Site 2 was situated at the waterline. Site 3 was halfway up the beach, 30 m from the shore, and site 4 was a sheltered place among the dunes, about 60 -70 m away from the shore.
Sand core samples, five per site, were taken with a hand-operated sampler (length -30 cm, inner diameter -15 cm). The sand cores, 15 cm long, were divided into two sections in the field (0 -5 cm and 10 -15 cm) and placed in sterile glass jars. The jars were put into containers with ice and transported to the laboratory. The time between sample collection and bacteriological analyses did not usually exceed 2 -3 h.
Bacteriological analyses
Each of the 5.0 g sand samples was weighed aseptically and transferred to 45 cm 3 of sterile 8 PSU artificial seawater. Samples were sonificated for 60 seconds over an ice bath in a sonificator (Bandelin Electronic Sonoplus 70 W, 20 kHz) in order to desorb microorganisms stuck to the sand grains. Subsequently, serial tenfold dilutions of the obtained supernatant were prepared with sterile 8 PSU seawater to reach final concentrations ranging from 10 -2 to 10 -6 . These final samples, in the amount of 0.2 cm 3 by the spread plate method, were inoculated onto different media containing various organic compounds:
1. The capability to hydrolyze proteins, starch, and lipids was tested in a medium prepared according to Jones (1971) and supplemented with gelatine (5.0 g per dm 3 ), starch (5.0 g per dm 3 ) or tributyrin (10 cm 3 per dm 3 ). Gelatine hydrolysis was determined with the use of the Frazier`s reagent poured over the plates. Starch hydrolysis was determined with the use of Lugol`s solution. Tributyrin hydrolysis was determined by formation of a clear zone around bacterial colonies. 2. The capability to decompose DNA was assayed in Fluka medium containing DNA (2.0 g per dm 3 ). After pouring 1 N HCl over the plates, DNA hydrolysis was determined by formation of a clear zone around the colonies. 3. The capability to hydrolyse chitin was tested in a medium prepared according to Helmke and Weyland (1986) . Colloidal chitin was obtained with the use of chitin from Windsor-Berkshire (England) according to Lingappa and Lockwood (1962) . Clear zones around the colonies indicated chitin hydrolysis. 4. The capability to hydrolyse cellulose was tested in the medium prepared according to Mudryk and Donderski (1997) . Colloid cellulose was prepared from Cellulose Powder 11, Whataman, according to Halliwell (1962) . Cellulose hydrolysis was determined by formation of a clear zone around the colonies. Three plates from each tenfold dilution were 0.5 0.1 -1.2 0.5 0.1 -0.6 incubated for 7 days at 20°C (with the exception of chitin and cellulose hydrolysis tests, which were read after 21 days), after which the number of bacteria that decomposed organic compounds was counted. The results were calculated as the colony forming units (CFU) per 1 gram of the dry weight of sand. An additional sample of 10 g of sand was weighed and dried at 105°C for 24 h in order to determine the dry weight of sand.
RESULTS
The ability of bacteria, isolated from the sand of Ustka and Czołpino beaches, to decompose macromolecular organic compounds is summarised in Table 1 . Proteolytic organisms were the most abundant bacteria inhabiting the sand of Ustka (433.8 × 10 3 CFU g -1 d.w. (dry weight) of sand)) and Czołpino (123.6 × 10 3 CFU g -1 d.w. of sand) beaches. These organisms made up over 40% of all the isolated bacteria. Amylolytic and chitinolytic bacteria were also relatively common (14 -22%). In general the least numerous among the physiological groups of bacteria isolated from the sand of Ustka (49.8 × 10 3 CFU g -1 d.w. of sand) and Czołpino (6.4 × 10 3 CFU g -1 d.w. of sand) beaches were lipolytic organisms, which made up only 2 -5% of all isolated bacteria. In the sand of Ustka Beach, which is subject to strong anthropopressure, the number of studied physiological groups of bacteria decomposing organic compounds was considerably higher (3 -7 times) than in the sand of Czołpino Beach, which is not strongly affected by human activity. The largest difference between the two beaches was in the number of cellulolytic and lipolytic bacteria (Table 2) .
Data presented in Figure 2 show that bacteria inhabiting the perpendicular profile of Ustka and Czołpino beaches were able to decompose macromolecular organic compounds, although their number varied depending on the site. In Ustka Beach the maximum density of all studied physiological groups of bacteria was recorded in the middle part of the beach, except for cellulolytic bacteria which occurred in the largest number on the dune. In Czołpino Beach, bacteria decomposing proteins, starch, DNA and lipids were most abundant in the middle part of the beach, whereas chitinolytic and cellulolytic bacteria showed maximum density on the dune. On both beaches the lowest density of all studied bacterial groups was noted in seawater and at waterline.
The distribution of various physiological groups of bacteria showed vertical stratification, and there was a difference between surface and subsurface sand layers (Fig. 3) . Bacteria able to decompose all tested macromolecular organic compounds were more numerous in the surface (0 -5 cm) than in the subsurface (10 -15 cm) sand layer at both beaches. However the observed difference was more pronounced on Ustka Beach (2 -24 times) than Czołpino Beach (1.5 -3 times).
Bacteria decomposing organic macromolecules in both studied beaches showed considerable seasonal variation in occurrence (Fig. 4) . In the sand from Ustka Beach the highest density of bacteria hydrolysing proteins, chitin, cellulose and DNA was noted in summer. The number of amylolytic bacteria was the highest in winter and summer, while lipolytic bacteria were highest in summer and autumn. In Czołpino Beach proteolytic, chitinolytic, and lipolytic bacteria as well as bacteria hydrolyzing DNA were the most numerous in winter and summer, whereas amylolytic bacteria dominated in summer and cellulolytic bacteria in autumn.
DISCUSSION
Heterotrophic bacteria inhabiting water ecosystems are not a homogeneous group of organisms. They are a population of various physiological groups, which are characterized by the ability to carry out the processes of depolymerization of a very wide spectrum of macromolecular compounds (Krstulović and Solić 1988, Mudryk et al. 1999) . The intensity of decomposition of organic macromolecules in water basins depends on the number of bacteria capable of carrying out those processes, on the activity of their extracellular hydrolytic enzymes and on the quantity and quality of the organic matter (Jackson et al. 1995, Mudryk and Podgórska 2006) .
The results of the present study showed that proteolytic bacteria were the most abundant physiological group of organisms inhabiting the sand of both studied beaches: they constituted over 40% of the total number of isolated bacteria. According to an earlier study by Podgórska and Mudryk (2003) about 80% of heterotrophic bacteria isolated from a sandy beach in Sopot on the southern coast of the Baltic Sea showed the ability to hydrolyse proteins. Bacteria capable of hydrolysing proteins also predominated in other water ecosystems, reaching as much as 70% to 100% of the total number of bacteria (Krstulović and Solić 1988 , Mallet and Deboras 1999 , Worm et al. 2000 . According to Incera et al. (2003) proteins were the dominant (71 -84%) class among labile organic compounds accumulated in marine beaches. The main sources of those compounds are the excretions of phytoplankton, phytobenthos, zooplankton and meio-and macrofauna as well as remains of plants and animals (Billen and Fontigny 1987) . High concentrations of proteins, polypeptides and peptides in water bodies is a major factor in causing intensive growth of proteolytic bacteria (Patel et al. 2000) . These organisms are able to easily utilize protein compounds as carbon, nitrogen and energy sources in their metabolic processes (Wehr et al. 1999 , Kiersztyn et al. 2002 . Bacteria capable of hydrolyzing lipids were the least abundant bacterial group in Ustka and Czołpino beaches. One of the reasons for the rare occurrence of lipolytic bacteria in the sand of the studied beaches is the fact that microbiological depolymerization of lipids requires the synergic activity of many enzymes, which are produced by bacteria but also by fungi and actinomycetes (Gomes et al. 2008) . In an earlier study, Mudryk and Podgórska (2007) reported that filamentous fungi, Studies concerning heterotrophic bacteria decomposing macromolecular compounds at two marine beaches | 81 www.oandhs.org yeasts and actinomycetes were among the heterotrophic microorganisms inhabiting the sand of Czołpino Beach.
The authors are aware that the number of bacteria decomposing macromolecular compounds determined in the present study may be underestimated due to either the disintegration of microorganism cells during sonification or insufficient desorption from the sand grains, as has been already pointed out by Montagna (1982) and Mudryk and Podgórska (2007) . Khiyama and Makemson (1973) showed that heterotrophic microorganisms living in interstitial water on sandy beaches constituted 22 -46% of the total number of microorganisms; however their number was not determined in the present study. Newell and Fallon (1982) , after several tests, estimated that the number of microorganisms recorded in the sand should be increased by 28%, because this was the average percentage of those organisms inhabiting interstitial water in sediments.
The number of microorganisms on a marine sandy beach depends on many environmental factors, such as grain size of the sand, wave intensity, temperature, pH, oxygen, and occurrence of bacterivores (Yamamato and Lopez 1985, Novitsky and MacSween 1989) . On the other hand, according to Nair and Bharathi (1980) the most important factor determining the number of microorganisms in the sand of a marine beach is the supply and content of organic matter. Studies carried out by Pugh et al. (1974) and Novitsky and MacSween (1989) on British and Canadian beaches differing in the concentration of organic matter showed that the number of microorganisms was much higher on beaches characterized by high accumulation of organic matter. The results of the present study also support this finding. The number of studied groups of bacteria decomposing macromolecular compounds was much higher in the sand of Ustka Beach, where large amounts of organic matter were accumulated (4.8 mg g -1 d.w. of sand) (Table 1) compared to the sand of Czołpino Beach, where the concentration of organic matter was two times lower (2.2 mg g -1 d.w. of sand).
The horizontal zonation of distribution and physiological activity of bacterial communities is a well-known global phenomenon on marine sandy beaches (McLachlan and Jaramillo 1995 , Olańczuk -Neyman and Jankowska 1998 . Results of the present study also indicate clear differences in the distribution of bacteria capable of hydrolyzing macromolecular compounds along the horizontal profile of the beach. Maximum density of all studied physiological groups of bacteria was noted in the middle part of the beach and dune in Ustka and Czołpino, whereas the minimum was noted in the seawater and at waterline. According to Boetius (1995) and Martinez et al. (1996) , such horizontal variations in the occurrence of bacteria able to decompose organic macromolecules may reflect variation in the composition, availability and degradability of organic compounds, as well as differences in the composition of microbial populations. Therefore abundance of bacteria capable of decomposing macromolecular compounds can be expected to mirror the distribution of organic matter in horizontal profiles of the sand in marine beaches. Low numbers of bacteria decomposing macromolecular compounds noted in the seawater and at the waterline of the studied beaches are possibly the result of bacteria being consumed by bacterivores, especially macrofauna and meiofauna, which are numerous in these parts of the beach (Haque et al. 1996) . According to Brown and McLachlan (1990) and Malam et al. (2004) macrofauna, meiofauna and ciliates for which microorganisms, mainly bacteria, are a basic source of food and a main energy input, are important factors in controlling the number of bacteria on marine beaches.
Generally, research carried out in different beaches (Boucher and Chamroux 1976 , Olańczuk -Neyman and Jankowska 1998 demonstrated that the greatest abundance of bacteria in the vertical profile occurred in the top layer of sand, and decreased with depth. Data on the number of bacteria decomposing macromolecular compounds in both studied beaches also indicated that these organisms occurred more frequently in the surface than in the subsurface sand layers. This distribution pattern is most likely a result of the fact that the concentration of organic matter and oxygen (UrbanMalinga and Opaliński 2001), which create optimal conditions for the development and growth of bacteria, decreases with depth. Moreover organic matter is less easily removed in the deeper layers and thus decomposition processes by bacteria progress at a much slower pace. This paper shows that it is difficult to determine the role of heterotrophic bacteria in the decomposition processes of organic matter in marine beaches and it should be regarded as a result of the interaction between the sources and rates of supply of natural substrates, physiological dispersion vs. growth, and mortality and perdition processes. Consequently, the occurrence of different physiological groups of bacteria and their distribution as well as their influence on decomposing organic matter in marine beaches are poorly documented and understood. We hope that our research provides additional information on the potential role of bacteria in the processes of organic matter transformation and self-purification of marine sandy beaches.
